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ABSTRACT: Orderly progression through the cell cycle requires the transcriptional activation of histone
genes to support packaging of newly replicated DNA. Induction of human histone gene expression is
mediated by a co-activation complex containing transcription factor HiNF-P and its cofactor p220NPAT.
Here, using cells synchronized in S-phase and in mitosis, as well as serum-stimulated cells, we have
investigated how HiNF-P is regulated during the cell cycle and examined its stability relative to p220NPAT.
We find that while HiNF-P is maintained at steady-state levels throughout the cell cycle, both HiNF-P
and p220NPAT are actively degraded by the proteasome pathway. Importantly, elevation of HiNF-P levels
enhances the stability of its co-activator p220NPAT. The HiNF-P-dependent stabilization of p220NPAT may
reinforce signaling through the cyclin E/CDK2/p220NPAT pathway and contribute to coordinate control of
histone gene expression.

The exquisite coupling of histone protein synthesis and
DNA replication ensures that newly replicated genomic DNA
is properly assembled into chromatin. Coordination of the
expression of all histone genes located at different loci is
necessary to accommodate the enormous quantity of proteins
required to package nascent DNA. Analysis of the promoter
sequences of all 15 histone H4 genes has revealed some
variability in the promoter organization, consistent with our
findings that expression levels of individual H4 genes differ
significantly (1-3). Similar observations have been made
by Doenecke and others for H3 and H2B histone genes (4-
6). Differential expression of individual histone genes
suggests flexibility in the regulatory mechanisms by which
cells produce histone proteins.

Despite copy-specific differences in H4 gene expression,
we have identified a highly conserved sequence (site II) that
is present in the majority of mammalian histone H4 genes,
including those that are most highly expressed (1, 7-9). Site
II is responsible for the coordinate cell cycle control of
histone H4 gene transcription and interacts with the cell
cycle-regulatory transcription factor HiNF-P, as well as IRF-2
and CDP/cut (10-15). Studies from our laboratory have
shown that induction of HiNF-P deficiency delays S-phase
progression and decreases total histone H4 mRNA levels
(10).

HiNF-P physically interacts with p220NPAT (9), a nuclear
protein that is a substrate of the cyclin E/CDK21 kinase
complex (16, 17), to co-activate H4 histone genes during
S-phase. It has been shown that p220NPAT also activates
histone H2B and H3 gene transcription. This activation

requires the promoter elements previously reported to medi-
ate cell cycle-dependent transcription of histone genes (i.e.,
HiNF-P binding site for H4; Oct-1 for H2B) (7-9, 16). In
normal diploid human fibroblasts during G1, p220NPAT is co-
localized at Cajal bodies, a nuclear organelle that is associ-
ated with histone gene clusters located at 6p21 (17-19).
During the G1/S phase transition, p220NPAT expression
increases and the protein accumulates in a new set of foci
localized at the 1q21 histone gene cluster, while association
with 6p21 is maintained (9, 16-20). The increase in
p220NPAT levels corresponds with a duplication of the number
of p220NPAT foci from two to four. At the beginning of
S-phase p220NPAT is phosphorylated by cyclin E/CDK2, and
this modification is required for histone gene co-activation
(10, 17). HiNF-P recruits p220NPAT and increases association
of RNA polymerase II at the histone H4/n locus (FO108;
HIST2H4 localized at Chr1q21-22, Accession No. M16707)
to enhance H4 gene transcription at the G1/S transition
(9).

Because HiNF-P is a critical regulatory module that links
histone H4 gene expression through p220NPAT with the cyclin
E/CDK2 signaling pathway, we examined the temporal
regulation of HiNF-P during the cell cycle. We find that
HiNF-P protein levels are maintained at a steady state
throughout the cell cycle by active proteasome/ubiquitin-
mediated degradation. Remarkably, elevation of HiNF-P
protein levels increases the half-life of its partner p220NPAT.
Our data suggest that the dynamic interaction between
HiNF-P and p220NPAT may promote histone gene co-
activation and the physiological functions of these proteins
in cell cycle regulation.

MATERIALS AND METHODS

Cell Culture and Transfections.Human HeLa S3 cervical
adenocarcinoma cells, and human T98G glioblastoma cells
were maintained in Dulbecco’s modified Eagle’s medium
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(DMEM; Gibco/Invitrogen) supplemented with 10% fetal
bovine serum (FBS), 2 mML-glutamine, and 100 U/mL
penicillin G, 100 µg/mL streptomycin. Human SaOS-2
osteosarcoma cells were cultured in McCoy’s 5A medium
(Gibco/Invitrogen) supplemented with 15% FBS, 2 mM
L-glutamine, and 100 U/mL penicillin G, 100µg/mL
streptomycin. For transfections, HeLa cells were seeded at
a density of 0.1× 106 cells per well in 6-well plates or 1×
106 cells per 100 mm plates and transfected with 0.5 or
4 µg of pFLAG-HiNF-P, respectively, using FuGENE6
(Roche), according to the manufacturer’s instructions.

Cell Cycle and Cell Proliferation Analyses.HeLa cells
were synchronized by the double-thymidine-block method
as previously described (21). SaOS-2 cells were synchronized
by nocodazole block and release. Briefly, cells were incu-
bated 24 h in medium containing 50 ng of nocodazole
(Sigma) per milliliter. Cells were gently washed twice with
PBS, and fresh media was added. T98G cells were synchro-
nized by serum starvation for 72 h, followed by stimulation
from quiescence with 20% FBS. Cell cycle distribution was
monitored by propidium iodide-stained cells subjected to
fluorescence-activated cell sorting (FACS, UMass Medical
Core Facility) at different time-points after release.

Protein Extract Preparation.Total protein extracts from
mammalian cell lines were made in lysis buffer [20 mM Tris
HCl pH 7.6, 0.15 M NaCl, 1% NP-40, 1 mM EDTA, 1 mM
EGTA, 2.5 mM sodium pyrophosphate, 1 mMâ-glycerol
phosphate, 0.1 mM ZnCl2, 1× Complete (Roche), 25µM
MG132, 1× phosphatase inhibitor cocktails I and II (Cal-
biochem)]. Cells were incubated 5 min on ice and sonicated
with a 550 Sonic dismembrator (Fisher Scientific) set at 10%
for 5 s four times. After centrifugation at 16100g for 15 min,
the supernatant was collected and protein concentration was
determined by Bradford assay (Bio-Rad).

Western and Northern Blot Analyses.Between 25 to 40µg
of total protein was loaded onto 10% or 4-15% linear
gradient sodium dodecyl sulfate (SDS)-polyacrylamide gels
and transferred to a polyvinylidene fluoride (PVDF) Immo-
bilon-P membrane (Millipore) for 1 h 40 min (2 h 30 min
for p220NPAT) at 200 mA at 4°C. Immunodetection was
performed using an appropriate dilution of specific antibod-
ies and by using the Western Lightning Chemiluminescence
Reagent Plus (Perkin-Elmer life sciences). Total RNA from
synchronized HeLa or T98G cells was prepared using
TRIzol reagent following the manufacturer’s instructions
(GIBCO BRL). Total RNA (20µg) was fractionated in a
formaldehyde-containing 1.2% agarose gel, transferred to a
Zeta-Probe GT membrane (Bio-Rad), and hybridized with
DNA probes labeled by random primer method (Redi Prime
II Random Primer Labeling System, Amersham). Band
intensities were quantified with a PhosphoImager using
ImageQuant 5.0 software (Storm 860, Molecular Dynamics)
followed by exposure to X-ray film (Kodak), and expressed
as fold-increase/decrease of the specific mRNA to 18S RNA.

Ubiquitination. Exponentially growing HeLa cells were
transfected with pFLAG-HiNF-P in 100 mm plates and
treated with 25µM MG132 or vehicle DMSO (control) for
12 h. Cells were lysed as described above and subjected to
immunoprecipitation with rabbit polyclonal anti-FLAG an-
tibody (Sigma) and analyzed by western blot using a mouse
monoclonal anti-ubiquitin (clone P4D1) antibody (Santa
Cruz). The membrane was treated with Re-blot strong

(Chemicon) and re-probed with a mouse monoclonal anti-
FLAG antibody (Sigma).

Protein Stability.To inhibit protein synthesis, HeLa cells
were cultured in the presence of 50µg/mL cycloheximide
(Calbiochem) for the specified times. Cells were directly
lysed in SDS-PAGE gel loading buffer and western blots
analyses were performed as described above. Band intensities
were quantified with an AlphaImager 2200 (Alpha Innotech
Corp) and expressed as percentage remaining. Inhibition of
the proteasome and other proteases was carried out by
culturing HeLa cells for up to 12 h in presence of 25µM
MG132 (Calbiochem), 10µM ALLM (Calbiochem), or
10 µM Lactacystin (Calbiochem).

RESULTS AND DISCUSSION

Steady-State LeVels of HiNF-P mRNA and Protein during
the Cell Cycle.To understand how principal activators of
histone gene expression are regulated, we examined the
mRNA and protein levels of HiNF-P, a key regulator of
histone H4 gene transcription. HiNF-P mRNA levels were
quantified during S-phase progression of synchronized HeLa
cells and during G1/S phase transit of serum stimulated T98G
cells using northern blot analysis (Figure 1). As expected,
histone H4 mRNA levels are transiently upregulated between
1.5 and 6 h during S-phase in HeLa cells and activated at
the G1/S transition between 12 and 18 h in serum-stimulated
T98G cells. In contrast, HiNF-P mRNA levels remain
relatively constant, with a modest modulation (less than
2-fold) that is comparable to GAPDH mRNA and 18S
ribosomal RNA, as cells progress toward mitotic division
in HeLa and T98G cells. Thus, expression of HiNF-P mRNA
during the cell cycle is temporally uncoupled from histone
H4 gene activation.

FIGURE 1: HiNF-P mRNA levels during the cell cycle and cell
proliferation. HiNF-P mRNA levels were analyzed in either HeLa
cells synchronized by the double thymidine block method (left
panel) or in T98G released from quiescence by serum stimulation
(right panel). Total RNA was isolated from samples taken at the
indicated time points after release and analyzed by northern blot
using specific probes shown on the left. Lower panels show band
quantification by PhosphoImager and are expressed as fold change
compared to 18S RNA (Asy: asynchronous).
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Histone H4 gene transcription is transiently activated by
3-fold in a HiNF-P-dependent manner at the G1/S phase
transition (10). Therefore, we addressed whether HiNF-P
protein levels are rate-limiting for cell cycle-dependent
activation of histone H4 genes. Levels of cyclins E, A, and
B1 exhibit characteristic cell cycle stage-specific fluctuations
in HeLa cells synchronized in early S-phase by double
thymidine block (Figure 2A), SaOS-2 cells released from
nocodazole-induced mitotic arrest (Figure 2B), and serum-
stimulated T98G cells (Figure 2C). The temporal appearance
and disappearance of cyclins are consistent with the FACS
analysis (lower panels in Figure 2), and both data sets
together establish orderly progression through the cell cycle
as expected for synchronized cells.

Importantly, in all three cell types and during both cell
cycle progression (Figure 2A,B) and cell growth stimulation
(Figure 2C), HiNF-P protein levels exhibit only minor
changes relative to Lamin B1. Combined with results
presented in Figure 1, our findings indicate that HiNF-P
protein and mRNA levels remain essentially invariable during
the cell cycle. The constitutive levels of HiNF-P protein are
in agreement with our previous observation that HiNF-P
associates with histone H4 gene loci throughout the cell cycle
(9).

Destabilization of HiNF-P by the Ubiquitin-Proteasome
Pathway.Many cell cycle regulators are rapidly turned over

FIGURE 2: HiNF-P protein levels during the cell cycle and cell
proliferation. HiNF-P protein levels were analyzed for cell cycle
distribution in HeLa cells synchronized by double thymidine block
(A), and SaOS cells blocked by nocodazole treatment (B), and for
cell proliferation in T98G released from quiescence by serum
stimulation (C). Whole cell extract was prepared from samples taken
at the indicated time points after release from blockage and analyzed
by western blot using specific antibodies shown on the left. To
confirm synchrony in each cell line, cell cycle distribution was
analyzed by FACS sorting and profiles along with the percentage
in each cell cycle stage are shown underneath.

FIGURE 3: Degradation of HiNF-P in HeLa cells. Cells were
incubated in the presence of DMSO (control) or the protease
inhibitor MG132 for 8 or 12 h (A). Whole cell extracts were
analyzed by western blot using specific antibodies shown on the
left. MCM6 is shown to confirm equal loading as well as the
Coomassie staining underneath. Specificity of the proteasome
pathway was addressed by using a combination of protease
inhibitors (B). HeLa cells were incubated in presence of DMSO
(control), MG132 (proteasome and calpain inhibitor), Lactacystin
(proteasome inhibitor) or ALLM (calpain inhibitor) for 12 h. Whole
cell extracts were analyzed by western blot using specific antibodies
shown on the left. MCM6 is shown to confirm equal loading as
well as the Coomassie staining underneath.
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at specific cell cycle stages to achieve the directionality of
cell cycle progression. The constitutive steady-state levels
of HiNF-P may be achieved by compensatory changes in
de novo synthesis of HiNF-P protein and its degradation.
We therefore investigated whether HiNF-P is targeted by
proteasomal mechanisms that are known to support degrada-
tion of cell cycle regulators.

HeLa cells were treated for 8 or 12 h with the protease
inhibitor MG132. As expected for proteins known to be
degraded by MG132-sensitive mechanisms, the labile proteins
cyclin D1 and the p53 tumor suppressor (22-24) are both
stabilized in the presence of MG132. There was no effect
on the licensing factor MCM6 or total protein levels (Figure
3A). Our results clearly demonstrate that MG132 increases
HiNF-P levels. Thus, the steady-state level of HiNF-P is
maintained by a MG132-sensitive protease pathway.

Cell treated with MG132 also exhibit elevated levels of
the co-activator p220NPAT, suggesting that this protein may
be regulated by a similar mechanism. To demonstrate that
the proteasome pathway mediates the turnover of HiNF-P
and p220NPAT, we treated cells with the proteasome-specific
compound Lactacystin and the calpain protease inhibitor
ALLM ( 25). Both MG132 and Lactacystin, but not ALLM,
stabilized HiNF-P and p220NPAT (Figure 3B). Thus, HiNF-P
and p220NPAT are both specifically targeted for degradation
via the proteasome.

To provide additional evidence of proteasome involvement
in HiNF-P degradation, we tested if HiNF-P is poly-
ubiquitinated in vivo. We carried out specific immunopre-
cipitation of exogenous HiNF-P from DMSO (control) and
MG132-treated HeLa cells using FLAG antibodies and
assessed the presence of ubiquitinated-HiNF-P by western
blot analysis with antibodies against ubiquitin. We detected
high molecular weight forms of HiNF-P protein that were
immunoreactive with ubiquitin-specific antibodies in the
control samples, and the levels were dramatically enhanced
upon MG132 treatment (Figure 4). Our results demonstrate
that HiNF-P is poly-ubiquitinated in vivo.

Taken together, our results establish that degradation of
HiNF-P is mediated by the ubiquitin-proteasome pathway.

FIGURE 4: Ubiquitination of HiNF-P in vivo. Exponentially growing
HeLa cells were transfected with pFLAG-HiNF-P. Whole cell
extracts were prepared from cells treated with DMSO (control) or
MG132 for 12 h. HiNF-P was immunoprecipitated using a
polyclonal anti-FLAG antibody and analyzed by western blot with
a monoclonal anti-ubiquitin (clone P4D1) antibody (A). As a control
for immunoprecipitations, normal rabbit IgG was used. To confirm
the presence of HiNF-P in the immunoprecipitates, the membrane
was reblotted using a monoclonal anti-FLAG antibody (B).

FIGURE 5: Stabilization of p220NPAT by HiNF-P. Endogenous
(control) or exogenously expressed HiNF-P turnover was analyzed
in HeLa cells after treatment with 50µg/mL cycloheximide (CHX)
for the indicated times (A). Cells were harvested and whole cell
extracts were prepared for western blotting with the antibodies
indicated on the left. MCM6 is shown to confirm equal loading as
well as the Coomassie staining underneath. Cyclin E turnover was
analyzed under conditions described in panel A. The lower panel
shows quantification of cyclin E in control cells or cells expressing
FLAG-HiNF-P. Results are plotted as the log of the percentage of
protein remaining at each time point (B). Panel C shows quantifica-
tion of the western blots shown in panel A, and values are expressed
as “log of percentage remaining” as described above. HiNF-P and
FLAG-HiNF-P (left) or p220NPAT (right) were analyzed in untrans-
fected cells (control) or cells transfected with pFLAG-HiNF-P
(exogenous).
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Stabilization of the Co-ActiVator p220NPAT by EleVation
of HiNF-P LeVels. Our findings show that HiNF-P and
p220NPAT are both actively degraded by the proteasome path-
way during the cell cycle. Because these proteins form a
transcriptional co-activation complex, each may influence
the stability of the other. To begin addressing this possibility,
we examined the half-lives of HiNF-P and p220NPAT in
asynchronously proliferating HeLa cells. New protein syn-
thesis was prevented by treatment with the translational inhib-
itor cycloheximide (Figure 5A). We monitored the decay of
pre-existing HiNF-P and p220NPAT as a function of time after
cycloheximide treatment. FACS analysis showed that this
brief cycloheximide treatment did not alter the cell cycle
distribution (data not shown). As expected, the levels of the
highly labile Cyclin D1 protein decrease dramatically in the
presence of cycloheximide (t1/2 ∼ 30 min), but no appreciable
effect is evident for MCM6 or total protein within this time
frame (up to 8 h). Endogenous HiNF-P levels decay slowly
with a t1/2 of 8.4 h, but p220NPAT levels are much less stable
(Figure 5A, left panel and Figure 5C control samples). These
findings establish that the turnover of the two components
of the HiNF-P/p220NPAT co-activation complex occurs with
different kinetics. The instability of p220NPAT and the relative
stability of HiNF-P are consistent with constitutive associa-
tion of HiNF-P with histone H4 gene loci, while the
interaction of p220NPAT is cell cycle-dependent (9, 16).

We directly tested whether HiNF-P influences the stability
of p220NPAT and vice versa by exogenously expressing either
HiNF-P or p220NPAT (Figure 5 and data not shown). Forced
expression of HiNF-P does not affect its intrinsic half-life
(t1/2 of exogenous HiNF-P) 8.2 h) (Figure 5A, right panel
and Figure 5C left panel) but significantly stabilizes p220NPAT

as reflected by an increased half-life, from 3.4 to 9.1 h
(Figure 5A,C right panels). As a control for indirect effects
on protein stability, we measured cyclin E protein levels by
western blot (Figure 5B). The results indicate that forced
expression of HiNF-P has no effect on the half-life of cyclin
E (Figure 5B). As expected, exogenous expression of
p220NPAT does not appreciably alter the half-life of HiNF-P
(t1/2 ) 8.6 h; data not shown), the more stable component
of the complex. We propose that elevation of HiNF-P levels
increases formation of HiNF-P/p220NPAT co-activation com-
plexes resulting in enhanced p220NPAT stability.

CONCLUSIONS

We have shown here that cellular levels of the human
histone H4 transcription factor HiNF-P are constitutive
during cell cycle progression through mitosis into S-phase,
as well as during serum stimulation of quiescent cells. Both
HiNF-P and its co-activator p220NPAT are degraded by
proteasomal pathways, and p220NPAT is more labile than
HiNF-P. Steady-state levels of HiNF-P during the cell cycle
are consistent with its stable association with H4 genes (9),
while the limited half-life of p220NPAT supports transient
interactions with HiNF-P to modulate histone H4 gene
expression at the G1/S phase transition. Because p220NPAT

has been shown to be a general co-regulator of histone gene
transcription (16, 17), our finding that elevation of HiNF-P
stabilizes p220NPAT raises the exciting possibility that HiNF-P
may coordinate expression of other histone gene subtypes
by prolonging the transcriptional activity of p220NPAT.
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